ABSTRACT
Syphilis is a chronic sexually transmitted disease caused by the spirochetal bacterium Treponema pallidum ssp. pallidum (T. pallidum). The disease's recent dramatic resurgence (1) , coupled with the recognition that syphilitic genital ulcers facilitate transmission of the human immunodeficiency virus (2, 3) , underscores the importance of studies to elucidate its complex pathogenesis. However, the inability to propagate T. pallidum in vitro and the consequent lack of a genetic exchange system have severely hampered efforts to characterize treponemal virulence determinants and protective immunogens (4) . The advent of molecular biology in the early 1980s engendered renewed optimism that breakthroughs in these areas of syphilis research were imminent. However, although providing new information regarding genes encoding T. pallidum immunogens (4, 5) , extensive cloning studies ofthe past decade also brought to light our limited knowledge concerning T. pallidum ultrastructure and the physiological functions of its molecular constituents (4, 5) .
There is now substantial evidence that T. pallidum molecular architecture is unique among bacterial pathogens; it appears that the vast majority of the bacterium's integral membrane proteins are lipoproteins (6) associated with the cytoplasmic membrane (7) and that the outer membrane contains only a limited number of surface-exposed transmembrane proteins (7) (8) (9) (10) . This distinctive model of T. pallidum membrane architecture explains, in part, the organism's remarkable ability to evade host immune defenses and establish persistent infection. One strategy for refinement of this model involves demonstrating that the physiological functions of treponemal membrane proteins are consistent with their proposed cellular locations. To date, a physiological function has not been definitively determined for any T. pallidum membrane protein (4, 5) , although the presence of a treponemal glucose/galactose-binding (MglB) protein recently was inferred from DNA sequence analysis (11) .
Analysis of T. pallidum outer and cytoplasmic membranes has been hindered by the inability to evaluate physical methods for separating the two membrane compartments; many enzymatic markers used conventionally to characterize membrane compartments of bacteria have not been successfully applied to T. pallidum. Penicillin-binding proteins (PBPs) are cytoplasmic membrane-bound enzymes involved in the biosynthesis of peptidoglycan (12) . The fact that T. pallidum is exquisitely sensitive to penicillin (13) prompted us to explore the use of PBPs as membrane markers in fractionation experiments intended to localize proteins to the treponemal cytoplasmic or outer membranes. In the present study, we report that the 47-kDa major lipoprotein immunogen of T. pallidum (Tpp47) (14, 15 ) is a PBP with carboxypeptidase activity, a function consistent with data localizing it to the T. pallidum cytoplasmic membrane. This finding provides further insights into the unique cell envelope structure of T. pallidum.
MATERIALS AND METHODS
Bacterial Strains. T. pallidum ssp. pallidum (virulent Nichols strain) was cultivated in New Zealand White rabbits (16) and extracted from testicular tissue as described (16, 17) . Escherichia coli DH5a was the host strain for pUC18 plasmids and strain RR1 was used for plasmids pPH47-2 and pLW47-4F.
Plasids and DNAs. Recombinant plasmids pPH47-2, a pUC19 construct expressing Tpp47 inefficiently from a "false" (GC-tail) promoter, and pLW47-4F, a pGEX-2T derivative encoding a soluble, nonlipidated form (s47-kDa) of Tpp47 as a glutathione S-transferase (GST) fusion protein (Pharmacia), have been described (15, 18) . s47-kDa was separated from the GST moiety by thrombin cleavage (15) . pLW47-10 was constructed by cloning downstream ofthe lac promoter in pUC18 a PCR-amplifled DNA fragment of pPH47-2 possessing the ribosome-binding site and structural gene of tpp47 (15) . PCR for pLW47-10 was performed using UlTma DNA polymerase (Perkin-Elmer) and the following primers: 5'-(5'-ACCTTGGATCCAACCCTCTATACG-GAGG-3') with a BamHI site and 3'-(5'-TAGTCGACATAbbreviations: dig-amp, digoxigenin-ampicillin conjugate; GST, glutathione S-transferase; mAb, monoclonal antibody; PBP, penicillinbinding protein; EM, electron microscopy.
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CACTACTGGGCCACTACCTT-3') with a Sal I site. A control clone expressing a lipid-modified derivative of Tpp47 (pLW47-PhoA) also was constructed in pUC18 (downstream of the lac promoter) by fusing a portion of the 5' region ofthe tpp47 gene (nucleotides -22 to 187) upstream from and in-frame with the phoA (alkaline phosphatase) gene ofE. coli (19) . The template for pLW47-PhoA was pTpKl.2, selected from a T. pallidum genomic DNA library in which treponemal genes were fused to phoA in pBluescript II KS(-) (unpublished data). The PCR 5' primer for pLW47-PhoA was the same as for pLW47-10; the 3' primer was complementary to the sequence at the 3' end of the phoA gene (5'-CCCAAGCTTCCATTAAGTCTGGTTGCTAAC-3') with a HindIII site. The DNA sequence of pLW47-PhoA matched that of pTpK1.2.
Identification of T. palldwn PBPs by Labeling with DigoxIgenin-An.picilin. Sonicated T. pallidum (1 x 10) in 0.85% NaCl was incubated at 370C for 10 min with 2.5 pg of ampicillin per ml conjugated to digoxigenin (dig-amp) as described by Weigel et al. (20) . Intact, viable treponemes (1 x 108) in RPMI-1640 medium with 15% fetal bovine serum were incubated for 60 min with 10 ,ug of dig-amp per ml (20) . One-tenth ofeach sample was resolved by SDS/PAGE; PBPs were identified by immunoblotting with an anti-digoxigeninalkaline phosphatase conjugate (Boehringer Mannheim) followed by chemiluminescence (20) . In all competition experiments, unless otherwise indicated, samples were incubated for 10 min with a 1000-fold excess of free ampicillin or penicillin G (Sigma) for 10 min prior to the addition of dig-amp.
Immunoprecipitation. dig-amp-Labeled intact treponemes were extracted with 2% Triton X-114 to enrich for integral membrane proteins (21) . Proteins were immunoprecipitated with either Tpp47-specific murine monoclonal antibody (mAb) 11E3 (IgG2a) (14) or an irrelevant mAb of the same isotype (directed against Borrelia burgdorferi outer surface protein A) and protein A-Sepharose CL4B (Sigma). The immunosorbent was collected and washed, and each sample was resolved by SDS/PAGE and processed for the chemiluminescent analysis of PBPs (20) .
Carboxypeptdase Assays. An in vitro assay for carboxypeptidase activity was performed according to Adam et al. (22) . Reactions protein of T. pallidum could be radiolabeled by 125I-ampicillin (26) . Our recent development of dig-amp for the chemiluminescent detection of PBPs (20) provided a highly sensitive and rapid method for further investigations. When sonicates of T. pallidum were incubated with dig-amp, a 47-kDa protein was prominent among the labeled polypeptides (Fig. 1) . Preincubation of treponemal sonicates with increasing amounts offree ampicillin inhibited the binding of dig-amp to the polypeptides (Fig. 1) . When motile T. pallidum was incubated with dig-amp, the PBP profile obtained (Fig. 2) was virtually identical to that observed for sonicated treponemes (Fig. 1) . Immunoprecipitation using mAb 11E3 confirmed that the 47-kDa molecule labeled in intact treponemes was Tpp47 (Fig. 2) . Of note, some of the lower molecular mass polypeptides shown in Fig. 1 appeared to correlate with proteolysis products commonly observed in immunoblots of Tpp47 (27, 28) (not shown).
Tpp47 Contains Motifs Characteristic of PBPs. Conventional PBPs contain three conserved motifs, S-X-X-K, S-X-N, and K-T-G, that putatively comprise the active site for the covalent binding of(-lactams (12) . The serine residue of the S-X-X-K motif is believed to be particularly important for nucleophilic attack on the 3-lactam ring. As shown in Fig.  3 , each of the three consensus motifs was identified in the deduced amino acid sequence of Tpp47 (15) ; the spacings between these motifs were consistent with those of other PBPs (Fig. 3) (29) .
Use of a NoJ ted Recombinant Derivative (s47-kDa) of Tpp47 for Analysis of dig-amp Bing. Two factors limited the use of native Tpp47 for characterization of its PBP activity. First, because T. pallidum is noncultivatable in vitro, it was not practical to obtain the purified immunogen in quantities sufficient for biochemical studies. Second, in its native form the molecule is lipid-modified and insoluble in aqueous solution (6, 30) . To circumvent these obstacles, we utilized a nonlipidated soluble form (s47-kDa) (15) as a surrogate for native Tpp47. As shown in Fig. 4 , s47-kDa exhibited conformation-dependent binding of dig-amp that could be inhibited competitively by either penicillin G or ampicillin.
Paaets InJening dig-amp Bi by s474kDa. The effects of divalent cations and pH on dig-amp binding by s47-kDa were investigated to optimize binding conditions. Of the three divalent cations examined, only Zn2+ facilitated dig-amp binding to s47-kDa (Fig. 5) . The optimal pH range for dig-amp binding to s47-kDa was 6.5-7.5 in the presence of Zn2+ (not shown). Fig. 5 , the delayed addition of Zn2+ to the reaction mixture rapidly initiated the carboxypeptidase activity of s47-kDa (Fig. 6 Inset). Two other depsipeptides, S2a and S2d, also were hydrolyzed by s47-kDa (not shown).
Expression of Tpp47 in E. coil Is Unstable and Alters Cell Wall Integrity and Morphology. Alterations in the expression ofPBPs in E. coli result in a variety ofcell wall anomalies (12, 37) . Evidence for cell wall abnormalities in E. coli/pLW47-10 initially was inferred by the lysis of these cells in liquid medium. Dark-field microscopy of E. coli/pLW47-10 also showed unusual rounded and elongated forms not evident in control suspensions of E. coli/pUC18 or E. coli/pLW47-PhoA (not shown).
EM ofnegatively stained E. coli/pLW47-10 deposited from isolated colonies onto grids showed many aberrant morphotypes, including densely stained short rods, elongated forms, and cell ghosts (Fig. 7C ) not observed in E. coli containing either pUC18 (Fig. 7A ) or pLW47-PhoA (Fig. 7B) . Ultrathin sections ofE. coli/pLW47-10 colonies, but not ofthe controls (Fig. 7 D and E ities as well as extensive blebbing and extrusion of cytoplasmic contents (Fig. 7 F and G) .
DISCUSSION
Elucidating the functions of the T. pallidum integral membrane proteins is essential for defining how the membrane pUC18 A pLW47-PhoA biology of the parasite is reflected in its interactions with the host. Although recent studies proposed that Tpp47 is a cytoplasmic membrane protein (7) , functional data to corroborate this have been lacking. Our finding that Tpp47 is a PBP with carboxypeptidase activity has provided strategic physiological evidence to support a cytoplasmic membrane location for the protein. Although several of our studies were conducted with a recombinant derivative of Tpp47, avid binding of dig-amp was noted for the native lipoprotein in both treponemal sonicates and virulent organisms. It is also noteworthy that of the four T. pallidum lipoproteins examined, only Tpp47 displayed carboxypeptidase activity. Lipid modification has been described for PBP 3 ofE. coli (38) and is especially common among the closely related (-lactamases of Gram-positive bacteria (39) .
Two developments greatly facilitated the present study. First, the dig-amp labeling procedure is rapid and extremely sensitive (20) (32, 33) . Although the mechanism of substrate hydrolysis for this class of enzymes has not been as well characterized as for the serine carboxypeptidases, it is worth noting that Tpp47 contains 12 histidines potentially available for zinc chelation (15) . Expression of Tpp47 is toxic to E. coli. Overexpression of other carboxypeptidases also has been noted to be lethal in E. coli (41, 42) . In the case ofTpp47 expression, our EM data provided compelling evidence that the toxic effect was due to abnormalities in cell wall structure. (41) . In organisms in which carboxypeptidase is the major PBP, the peptidoglycan is substantially less crosslinked (20-501%) than in organisms with carboxypeptidase as a minor PBP (>90%o cross-linking) (31) . Inasmuch as the motility pattern of T. palidum is characterized by substantial cellular flexing and spiral extension (43), a lesser degree of peptidoglycan cross-linking might be expected and could be advantageous for this highly motile and invasive pathogen.
Determining the physiological function of Tpp47 represents the culmination of our longstanding efforts to characterize at the molecular level this major T. pallidum immunogen (6, 14, 15) . Further studies to characterize the enzymatic activity of Tpp47 should include analysis of its active site and determination of its precise role in peptidoglycan biosynthesis. Thus far, the few reports of T. pallidum molecules functioning in E. coli have been restricted to treponemal cytoplasmic constituents (4) . The data presented here suggest that T. pallidum membrane proteins relevant to host-parasite interactions also may function in E. coli. Though the inability to cultivate T. pallidum in vitro and the lack of genetic exchange systems continue to impede treponemal research, this study advances strategies for utilizing E. coli hosts and recombinant derivatives as surrogates in ongoing efforts to elucidate the complex relationship between T. pallidum cell envelope ultrastructure and syphilis pathogenesis. 
